There are many more selectively constrained noncoding than coding nucleotides in the mammalian genome, but most mammalian noncoding DNA is subject to weak selection, on average. One of the most striking discoveries to have emerged from comparisons among mammalian genomes is the hundreds of noncoding elements of more than 200 bp in length that show absolute conservation among mammalian orders. These elements represent the tip of the iceberg of a much larger class of conserved noncoding elements (CNEs). Much evidence suggests that CNEs are selectively constrained and not mutational cold-spots, and there is evidence that some CNEs play a role in the regulation of development. Here, we quantify negative and positive selection acting in murine CNEs by analyzing within-species nucleotide variation and between-species divergence of CNEs that we identified using a phylogenetically independent comparison. The distribution of fitness effects of new mutations in CNEs, inferred from within-species polymorphism, suggests that CNEs receive a higher number of strongly selected deleterious mutations and many fewer nearly neutral mutations than amino acid sites of protein-coding genes or regulatory elements close to genes. However, we also show that CNEs experience a far higher proportion of adaptive substitutions than any known category of genomic sites in murids. The absolute rate of adaptation of CNEs is similar to that of amino acid sites of proteins. This result suggests that there is widespread adaptation in mammalian conserved noncoding DNA elements, some of which have been implicated in the regulation of crucially important processes, including development.
Introduction
Comparisons between mammalian genome sequences have suggested that there are more than five times as many selectively constrained noncoding nucleotides as proteincoding nucleotides (Mouse Genome Sequencing Consortium 2002; Eöry et al. 2010; Meader et al. 2010) . However, functional noncoding elements appear to be sparsely distributed and are poorly annotated in the mammalian genome, and this has made it difficult to detect the effects of negative and positive selection in noncoding DNA sequences. For example, based on limited samples of genes, estimates of the mean strength of negative selection and the mean fraction of adaptive substitutions in noncoding DNA upstream and downstream of protein-coding genes have been close to zero in both humans (Keightley, Lercher, et al. 2005; Eyre-Walker and Keightley 2009 ) and mice (Kousathanas et al. 2011) . A recent genome-wide analysis of negative and positive selection on noncoding DNA elements in the hominid genome suggests weak, though significant, negative selection and significant excesses of substitutions in regions upstream and downstream of protein-coding genes and in conserved noncoding elements (CNEs) (Torgerson et al. 2009 ). Studies of promoter regions of certain classes of genes and some highly conserved noncoding elements show lineage-specific accelerated evolution that is suggestive of adaptive evolution (Pollard et al. 2006; Prabhakar et al. 2006; Bird et al. 2007; Haygood et al. 2010) . Adaptive evolution is also predicted to lead to a drop in nucleotide diversity near elements subject to recurrent selective sweeps. In hominids, reduced diversity is observed near coding and conserved noncoding regions, suggesting an important role for selection (McVicker et al. 2009; Cai et al. 2010; Hernandez et al. 2011) . However, it is difficult to distinguish between the effects of background selection on recurrent deleterious mutations and positive selection leading to selective sweeps because both these processes locally reduce nucleotide diversity. Furthermore, although Hernandez et al. (2011) found a trough in diversity around human-specific amino acid substitutions, it was no more pronounced than that around synonymous substitutions, thus they inferred that selective sweeps were rare in recent human evolution.
Here, we quantify negative and positive selection in noncoding DNA, focusing on elements that are conserved deep into the mammalian phylogeny. Ultraconserved elements (uCNEs) were defined as the set of sequences more than 200 bp in length, showing 100% conservation in a genome-wide comparison between human, mouse, and rat (Bejerano et al. 2004) . These elements are greatly outnumbered by shorter elements, also showing 100% conservation, and by elements that, while not 100% conserved, are at the extreme of the distribution of conservation among sequences of a given length (Dermitzakis et al. 2002) . The extraordinary conservation of CNEs has three non-mutually exclusive explanations. First, CNEs could represent mutational cold-spots. However, no mechanism is known to cause immunity from mutation in widely scattered genomic regions (Bejerano et al. 2004) . Furthermore, such a mechanism would need to be extremely localized in its effect because mean nucleotide divergence returns to background levels in sequences only a few kilobases on either side of CNEs (Keightley, Kryukov, et al. 2005) . Second, strings of nucleotides are expected to show random variation in between-species divergence as a consequence of random variation in the number of new mutations fixed. This is expected to upwardly bias estimates of the strength of negative selection based on divergence between elements selected from the tail of the distribution of conservation (Keightley, Kryukov, et al. 2005; McVicker et al. 2009 ) and will downwardly bias estimates of the frequency of adaptive evolution (Torgerson et al. 2009 ). This effect is analogous to the overestimation of significant QTL effects that occurs in genome-wide QTL mapping experiments (Beavis 1994) . However, such ascertainment bias can only explain a small part of the observed conservation of CNEs because most noncoding DNA is unalignable between species from different mammalian orders (Dermitzakis et al. 2005) . Third, CNEs could be functionally important and subject to purifying selection, and the fitness effects of new mutations could be so strongly deleterious that they contribute nothing to between-species nucleotide divergence. This is supported by evidence that CNE polymorphisms segregate at lower frequencies than polymorphisms representative of the genome as a whole (Keightley, Kryukov, et al. 2005; Drake et al. 2006; Asthana et al. 2007; Katzman et al. 2007 ) and by evidence that CNEs are preserved in the genome over long periods of evolutionary history, resulting in a much lower frequency of loss of elements than putatively neutrally evolving DNA (McLean and Bejerano 2008) . Evidence that many CNEs have important functional roles has also come from studies of their genomic distribution, which indicates that they are clustered near transcriptional and developmental regulator genes (Bejerano et al. 2004; Woolfe et al. 2005) , and from experiments showing in vivo transcriptional enhancer activity (Woolfe et al. 2005; Pennacchio et al. 2006; Visel et al. 2008) . On the other hand, mice homozygous for uCNE deletions that function as enhancers in transgenic mouse assays have yielded no visible phenotypes (Ahituv et al. 2007 ). However, this does not preclude the existence of deleterious effects of these deletions in a natural environment because the range of phenotypes tested in the laboratory may not include important traits that mice require in order to successfully reproduce and rear offspring in the wild.
In the light of the evidence suggesting that CNEs are functionally important and under strong purifying selection, we hypothesized that CNEs may also be subject to unusually high rates of adaptive molecular evolution. However, estimating rates of adaptation in CNEs is not straightforward because nucleotide divergence between the species from which elements have been identified is biased downward for the reason mentioned above (uCNEs have, by definition, no nucleotide differences between the focal species). Here, we remove the effect of this ascertainment bias by investigating adaptive evolution in a set of elements compiled from a comparison of the human and dog genomes. We estimate the rate of adaptive evolution in a comparison of orthologous sequences between the house mouse and the rat or Mus famulus. We use polymorphism data in house mice to estimate the strength of negative selection in CNEs and contrast polymorphism with divergence to the rat and to M. famulus to infer rates of positively selected nucleotide substitutions in CNEs. We analyze nucleotide diversity in a sample of wild house mice of the subspecies Mus musculus castaneus from North West India because mice from this region have substantially higher silent-site diversity than derived house mouse populations from Europe or North America (Baines and Harr 2007) , consistent with evidence that the ancestral range of the house mouse species complex is in North West India (Din et al. 1996) . The recent effective population size of M. m. castaneus is, for example, two orders of magnitude higher than inferred for humans . Levels of polymorphism in our sample of mice are one order of magnitude higher than in human populations, and this means that the power of an analysis based on polymorphism data is greatly enhanced. We compare our estimates of the selection strength in CNEs with estimates for murine protein-coding genes that we obtained in an earlier study . We previously inferred that nonsynonymous sites in murids experience high rates of adaptive evolution, comparable to other species with large effective population sizes, such as Drosophila and Capsella (Smith and Eyre-Walker 2002; Slotte et al. 2010 ).
Materials and Methods

Sampling of Wild House Mice
We obtained nucleotide sequences from 15 wild-caught M. m. castaneus individuals collected from four regions in the state of Himachal Pradesh, India, and from one M. famulus individual from India (see Halligan et al. 2010 for details). We previously found no evidence for population subdivision among the M. m. castaneus individuals, although there was some evidence for inbreeding ).
CNE Set-u and Flanking Sequences CNE set-u (u 5 unbiased) were 103 elements sampled from the set of genomic sections showing complete conservation between the human (version hg18) and dog (version CanFam2) genomes. We compiled all sections of !300 bp showing complete conservation in the pairwise alignments of hg18 and CanFam2 (available at http://genome.ucsc. edu/). We disregarded any elements that were on unplaced contigs, that overlapped with annotated human exons, and X-linked elements, giving a total of 518 elements. We Halligan et al. · doi:10.1093/molbev/msr093 MBE obtained alignments to the mouse (mm8) and the rat (rn4) genomes from the 17-way multiz alignments of vertebrate genomes (available at http://genome.ucsc.edu/). Coordinates for mm8 were mapped onto mm9 using LiftOver (http://genome.ucsc.edu/cgi-bin/hgLiftOver). In total, we obtained alignments for 486 of the 518 elements. In 32 cases, we were unable to extract a contiguous alignment for rat and mouse from the 17-way multiz alignments, so we attempted to obtain an alignment by manually BLASTing the human sequence against the mouse and rat genomes. We then sampled 103 elements for sequencing. Elements that matched an expressed mRNA or expressed sequence tag in any species were excluded. Genome coordinates of all identified human-dog CNEs as well as the coordinates of primers used to sequence the CNEs and flanks are provided in supplementary material (Supplementary Material online).
CNE Set-b CNE set-b (b 5 biased with respect to inferring adaptive evolution) were a random sample of 62 elements from Bejerano et al.'s (2004) set of 482 noncoding uCNEs, showing complete conservation between human, mouse, and rat for .200 bp. Coordinates of the selected elements for build 34 of the human genome are provided in supplementary material (Supplementary Material online). We mapped the coordinates of these elements to version mm9 of the mouse genome using LiftOver.
454 Sequencing of Polymerase Chain Reaction Products Generated from Set-u CNEs and Flanks We used the protocol described by Halligan et al. (2010) 
Single Nucleotide Polymorphism Calling
We aligned 454 sequencing reads to the orthologous sections of the mouse genome (mm9) that were targeted for amplification. Reads were demultiplexed using the MID sequences. The GSAVA software was configured to report depth of coverage and the frequency of any reads corresponding to a nonreference base for each individual at each base.
A total of 85,522 sites in the genome were covered by our PCR amplicons, but some sites were excluded from further analysis for a number of reasons outlined below. There are known issues with 454 sequencing, principally that the lengths of homopolymer runs are difficult to establish. Furthermore, carry-forward and incomplete extension can lead to erroneous base calls surrounding homopolymers (Margulies et al. 2005) . We removed 8,187 sites (9.6%) located within 5 bp of a homopolymer (!5 bp). We also excluded 418 sites (0.5%) located within dinucleotide and trinucleotide repeats (where the repeat occurs five or more times) and 1,075 sites (1.3%) that overlapped a segregating indel in any individual. We made single nucleotide polymorphism (SNP) calls within an individual at sites that had .50-fold coverage, and only used sites where we obtained SNP calls for !10 of 15 M. m. castaneus individuals. A total of 61,242 sites were taken forward for further analysis (28,176 covering CNEs and 33,066 covering the flanking regions).
Genotypes for each site were inferred for each individual separately. We used a simple cutoff strategy to assign an individual's genotype: if the nonreference allele frequency was between 0.25 and 0.75, the individual was considered to be heterozygous, otherwise the individual was considered to be homozygous for the major allele type. This is justified because the frequency of sites at which the nonreference allele frequency is 0.25 or 0.75 is close to zero (see supplementary fig. 1 , Supplementary Material online, for plots of the distributions of nonreference allele frequency for unfiltered and filtered data). In the rare cases where there were two nonreference alleles with frequencies between 0.25 and 0.75, the individual was considered to be heterozygous with genotype consisting of the two alleles that had frequencies closest to 0.5.
Sanger Sequencing of CNEs and SNP Calling
PCR amplification of set-b CNEs and a subset of set-u CNEs was carried out as described by Halligan et al. (2010) . Sequencing was carried out in both directions on an ABI Prism 3730 DNA Analyzer, and analysis was carried out using CodonCode Aligner version 2.0.6 (http://www. codoncode.com/aligner/), as described . Any site with a Phred score ,30 was manually checked. We did not automatically reject low-quality sites because this would tend to exclude true heterozygotes. Using Sanger sequencing, we obtained a mean of 15,153 bp of set-b CNE sequence and 26,750 bp of set-u CNE sequence per individual.
Comparison of Sanger and 454 Sequencing
We sequenced a subset of amplicons both by 454 technology and by Sanger methodology, allowing us to cross-check SNP calls made by the two methods and thereby verify their accuracy. A total of 41,569 sites were sequenced by both methods and a total of 151 SNPs were called by either Positive and Negative Selection · doi:10.1093/molbev/msr093 MBE Sanger or 454 sequencing. One hundred and twenty-four SNPs were called identically (the same genotype was called for every individual where a genotype could be called). For the remaining 27 sites, at least one individual was called incorrectly either by Sanger or 454, and in these cases, we checked the Sanger sequence chromatograms and 454 nonreference allele frequencies to determine, where possible, which method was at fault and whether the call was a false positive or false negative. A summary of the SNP calls that differed between the two sequencing methods is presented in supplementary table 2 (Supplementary Material online). In the majority of these cases (23/27), only one individual showed a discrepancy between the two methods. In 14/27 cases, we could confidently assign the error to the Sanger rather than 454 sequencing, and in 1/27, the error was assignable to 454 rather than Sanger. For the remaining 12 cases, we could not confidently assign the error to either method. Assuming that all unknown errors are due to 454 sequencing and none are due to Sanger sequencing, then 454 sequencing correctly called 95.9% of SNPs correctly, assuming that all unknown errors were due to Sanger sequencing, Sanger sequencing correctly called 90.2% of SNPs correctly.
Of the 14 sites that we could clearly identify as mistyped by Sanger sequencing, in five cases, a true heterozygous individual was misassigned as homozygous, and in nine cases, a number of true homozygote individuals were misassigned as heterozygous. This was due to a high level of background in sequence chromatograms. There were 12 sites that could not be confidently assigned as errors in either method. In these cases, there was either clear evidence for a heterozygote in 454 sequencing, and no evidence for a heterozygote in the Sanger sequencing traces or vice versa. Some of these instances may be due to single-allele PCR amplification in one of the two technologies. For example, in the case of amplicon set-b.30, two SNPs in individual H26 were confidently called by 454 sequencing (with nonreference allele frequencies of 37% and 29%) but were called as homozygotes by Sanger sequencing, suggesting that only one allele may have been amplified for Sanger sequencing. Furthermore, Sanger sequencing gave no heterozygous calls in individual H26 throughout amplicon set-b.30, although this is not conclusive evidence of single-allele amplification because the frequency of SNPs in this amplicon is generally low. A second potential example is in amplicon set-b.179, where there are two SNPs called as heterozygous by 454 sequencing (with frequencies of 46% and 51%) in individual H11, but there is no evidence for heterozygosity in the Sanger sequencing chromatograms. As in the first example, Sanger sequencing also revealed no heterozygous sites throughout the amplicon.
Protein-Coding Locus Data
We compare our results on CNEs with results from the analysis of polymorphism data from 78 autosomal protein-coding loci sequenced in the same 15 M. m. castaneus individuals studied here augmented by additional data (Kousathanas et al. 2011 ).
Nucleotide Diversity within M. m. castaneus and Related Statistics
We calculated three statistics to summarize the allele frequency distribution: nucleotide diversity (h p ), Watterson's h (h W ), and Tajima's D. h p and h W are expected to be equal in a Fisher-Wright equilibrium population in the absence of selection but differ if there is a skew in the allele frequency distribution due to selection. Skew can be measured by Tajima's D. We used the approach of Halligan et al. (2010) to calculate composite estimates of h p and h W by summing estimates obtained for different numbers of alleles sequenced. To compute Tajima's D, we rejected sites where coverage was ,20 alleles and sampled without replacement 20 alleles from sites with coverage .20. We repeated this sampling 100 times and calculated the mean Tajima's D across samples to remove variance associated with sampling the data. In cases of triallelic sites, we summed counts across all minor alleles to obtain a single minor allele frequency count. Ninety-five percent confidence intervals were obtained by bootstrapping 1,000 times by locus.
Nucleotide Divergence Between Mouse and Rat
All alignments between mouse and rat for set-u CNEs and their flanking sequences were checked by eye. Estimates of nucleotide divergence used the Kimura two-parameter correction for multiple hits.
Inference of the Distribution of Effects of New Mutations and the Fraction of Adaptive Substitutions
We fitted a gamma distribution of fitness effects (s, the difference in fitness between homozygotes under an additive model) of new mutations to the selected (CNEs or nonsynonymous) and neutral (CNE flanks or synonymous) site frequency spectra (SFS) by the method of Keightley and Eyre-Walker (2007) . The model allows a step change in population size t generations in the past. We then estimated rates of adaptive evolution by the method of Eyre-Walker and Keightley (2009) . The estimated parameters of the distribution of fitness effects along with the neutral-site divergence (d S , at CNE flanks or synonymous sites) are used to compute the expected divergence at the focal sites (CNEs or nonsynonymous sites) in the absence of adaptive evolution (d est ). The difference between the observed (d X ) and expected divergences estimates the adaptive divergence (d adaptive 5 d X À d est ). d adaptive can then be scaled by the observed focal-site divergence to compute the proportion of divergence that is adaptive (a 5 d adaptive /d X ) or by the neutral-site divergence to compute x a 5 d adaptive /d S (following Gossmann et al. [2010] and Kousathanas et al. [2011] ).
Estimating Selective Constraint Between Mouse and Rat
Selective constraint, C, estimates the proportion of mutations removed by natural selection, under the assumption Halligan et al. · doi:10.1093/molbev/msr093 MBE that there are no adaptive substitutions. To calculate C, we used a method that accounts for differences in the base composition of the putatively unconstrained and focal sequences (Halligan and Keightley 2006) .
Quantifying the Effect of Recurrent Selective Sweeps and Background Selection on Nucleotide Diversity in CNEs and Flanks
In choosing putatively neutrally evolving sequences close to CNEs, we need to select sequences that are far enough away so that divergence has returned to background levels ( fig. 1 ) but that are sufficiently close so that they are similarly affected by selective sweeps and background selection. There is a potential concern when performing a McDonald-Kreitman-based test if the selected and neutral sequences are not homogeneously interdigitated (as is the case for nonsynonymous and synonymous sites within genes) because this can erroneously lead to evidence for positive selection (Andolfatto 2008) . We tested whether the predicted equilibrium heterozygosity and diversity of flanking sequences located 2 kb from CNEs do not substantially deviate from values predicted for neutral sites adjacent to CNEs. We quantified the effects of selective sweeps and background selection on expected heterozygosity or nucleotide diversity at a partially linked site using the analytical approaches outlined by Kim and Stephan (2000) . In order to evaluate the relevant equations, we require values for several parameters. We assumed that the recombination rate in mice, q 5 5 Â 10 À9 per nucleotide per generation, from an estimate of q5 ;0.5 cM/Mb in laboratory strains (Jensen-Seaman et al. 2004) . Assuming that mouse and rat diverged 10 Ma (Chevret et al. 2005) and that murids undergo two generations per year, we estimated that the number of generations separating mouse and rat is g 5 4 Â 10 7 .
We investigated the effects of recurrent selective sweeps using the three-locus model introduced by Kim and Stephan (2000) (eq. 6). In this model, the first locus (Del) is subject to recurrent deleterious mutation, the second locus (Fav) is subject to recurrent advantageous mutation, and the third locus (Neu) evolves neutrally. The three loci are assumed to be partially linked, such that the recombination fractions between Del and Fav and Fav and Neu are r 1 and r 2 , respectively. For our analysis, we assume that Del and Fav are completely linked (i.e., that r 1 is 0). We then compared the predicted heterozygosity for a neutral locus completely linked to Fav (i.e., where r 2 5 0) to expected heterozygosity for a locus located 2 kb away (i.e., where r 2 5 2000 Â 5 Â 10
À9
). This requires an estimate of the advantageous mutation rate (u f per generation). We assume that only fixed substitutions result in a selective sweep, and for the purpose of testing the effect of recurrent positive substitutions, it is conservative to assume the highest possible advantageous substitution rate (since this will produce the maximum effect on heterozygosity). We therefore assume that every substitution between mouse and rat in an uCNE is driven to fixation by positive selection. Under this assumption, the advantageous mutation rate per uCNE per generation can be estimated as u f 5 (K uCNE L)/g, where K uCNE is the observed divergence of uCNEs between mouse and rat and L is the mean length of an uCNE (395 bp). This implies that u f is at most ;1.5 Â 10 À7 per uCNE per generation.
We also investigated the effect of background selection by using the model first introduced by Nordborg et al. (1996) , but here we use the parameterization described by Kim and Stephan (2000) (eq. 10). This model assumes that deleterious mutations occur at random throughout a stretch of sequence. In our case, we assume that the sequence is of length 4.5 kb, which is approximately the length of an uCNE plus 2 kb of flanking DNA on each side. We use the model to calculate the reduction in diversity for a neutrally evolving locus at the edge of the 4.5 kb section, relative to a neutrally evolving locus at the center. This model is parameterized by a fixed recombination rate throughout the region (q), a deleterious selection coefficient (t), and a deleterious mutation rate (u). We estimated the deleterious mutation rate by first calculating the mean constraint in a region encompassing an uCNE and 2 kb of flanking sequence either side. To do this, we assumed that the expected divergence in the absence of selection (d exp ) between mouse and rat is ;0.15 (see fig. 1 ). We then calculated constraint (C 5 1 À d obs /d exp ) using the mean divergence (d obs ) from figure 1 in the regions up to 2 kb upstream and downstream and within an uCNE itself. We also assumed that mean constraint within uCNEs 5 1 and that the mean length of an uCNE is 395 bp, giving a weighted average for the whole region of C 5 0.15. Given an estimate of the mutation rate, we then used C to estimate the deleterious mutation rate (u). The overall mutation rate per nucleotide per generation is l 5 K/g 5 ;4 Â 10
, implying that u for this region is therefore ;6 Â 10 À10 .
FIG. 1.
Mean nucleotide divergence between mouse and rat plotted against distance from the start/end of each CNE (located at point zero on the x-axis) for all identified set-u CNEs. Mean divergence for introns (Kousathanas et al. 2011 ) is shown as a horizontal line with 95% bootstrap CIs as a box.
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Results
We investigated selection in two sets of CNEs. CNE set-u (u 5 unbiased) is a random sample of 103 noncoding elements defined as orthologous genomic sections showing complete conservation of 300 bp or more between the human and dog genomes. CNE set-b (b 5 biased) is a random sample of 62 noncoding elements reported by Bejerano et al. (2004) , defined as genomic sections showing complete conservation between human, mouse, and rat for 200 bp or more. Set-b elements are therefore expected to be subject to ascertainment bias affecting estimates of conservation (i.e., they cannot show adaptive nucleotide substitutions between mouse and rat), whereas set-u elements are not expected to be subject to such an ascertainment bias. Details of the criteria used for the selection of elements are provided in Methods and supplementary material (Supplementary Material online). We used 454 and Sanger sequencing to obtain sequences for CNE set-u in 15 wild-caught M. m. castaneus individuals and 1 M. famulus individual. We also used 454 sequencing to obtain sequences for genomic regions flanking set-u CNEs in order to obtain linked putatively neutrally evolving reference sequences for each element, which facilitated the estimation of the distribution of selection coefficients within the CNEs. Set-b CNEs were sequenced by Sanger sequencing in the same mice. We sequenced a total of 28,176 bp for CNE set-u, 33,066 bp for CNE set-u flanks, and 15,153 bp for CNE set-b.
Choice of Neutral Standard Sequences for CNEs
In order to determine the distance from a CNE at which CNE flanking sequences could be considered to be evolving close to neutrally, we evaluated mean nucleotide divergence between mouse and rat as a function of distance from a CNE ( fig. 1 ). CNEs consist of selectively constrained elements that are likely to extend beyond the boundaries defined on the basis of absolute conservation. In other words, we would expect sequences flanking CNEs to be selectively constrained. Figure 1 suggests that sequences located less than 2 kb from a CNE show evidence of conservation, which is likely to be due to negative selection operating in these regions. However, sequences located 2 kb or more from a CNE evolve at a similar rate to introns, on average. Under the assumption that intronic sites are subject to very weak selection, on average, in mammals (Eöry et al. 2010) , this suggests that sequences located 2 kb away from CNEs are an appropriate neutral reference class.
Estimates of Diversity and Strength of Selection
We compared estimates of diversity and the inferred strength of negative selection among CNEs (sets-u and -b) and protein-coding genes. Figure 2 compares a measure of nucleotide diversity (h p ) and Tajima's D for CNEs (sets-u and -b), CNE set-u flanks, and for synonymous, nonsynonymous and intronic sites of a set of autosomal protein-coding genes that we previously studied in the same set of mice ). Tajima's D is a statistic that reflects the degree of skew of the distribution of allele frequencies and is expected to be negative under purifying selection or population expansion (Yang 2006) . As expected, we find that CNE nucleotide diversity is substantially lower than diversity of CNE set-u flanks. This could be due to a lower mutation rate within CNEs, but we also observe that Tajima's D for CNEs is substantially lower than for any other category of sites, including set-u CNE flanks, for which D is similar to that for introns (P 5 0.23). CNE nucleotide diversity is 3.1 times lower than nonsynonymous diversity (P , 0.001), 16Â lower than synonymous diversity, and 14Â lower than intronic diversity, whereas mean diversity of CNE set-u flanks is nonsignificantly different from intronic diversity. The extremely low diversity and strongly negative Tajima's D for CNEs together suggest that purifying selection is stronger and more widespread in murine CNEs than at nonsynonymous sites of protein-coding loci (under the assumption that these loci are a representative sample from the genome), consistent with results from humans (Drake et al. 2006; Katzman et al. 2007 ). There are only small differences in h p and D between set-u and set-b CNEs ( fig. 2) , implying that the procedure used to select set-u CNEs by a phylogenetically independent comparison had little influence on the values of these withinspecies diversity parameters. Negative Tajima's D estimates for intronic and synonymous sites, which appear to evolve close to neutrally in murids (Eöry et al. 2010) , suggest that there is a genome-wide effect of selection or that the M. m. castaneus has undergone a recent population expansion or is subject to other demographic effects, for example, population subdivision.
We then compared the strengths of selection operating in set-u CNEs and protein-coding genes by estimating the distributions of fitness effects (s) of new deleterious mutations by a method that contrasts the distributions of numbers of minor alleles segregating in the sample of mice (the SFSs) at sites assumed to be subject to selection (set-u CNEs or nonsynonymous sites in this case) and reference sites assumed to evolve neutrally (set-u CNE flanks or synonymous sites) (Keightley and Eyre-Walker 2007) . We assume that adaptive mutations make a negligible contribution to polymorphism, which is true for strongly positively selected mutations and include a two-parameter demographic model that allows a step change in population size at some time in the past. Fitting a demographic model is necessary because demographic change can affect the neutral and selected SFSs in ways that resemble selection. The simple model fitted can give close to unbiased estimates of selection parameters even if the true demographic scenario is substantially more complex (Keightley and Eyre-Walker 2007; Eyre-Walker and Keightley 2009 ). We fit a gamma distribution of deleterious mutational effects, which has two parameters, a specifying scale and b specifying shape. Changing b leads to distributions with a wide variety of properties, including a highly leptokurtic (L-shaped) distribution if b / 0 and a model with equal mutational effects if b / N. Fitting a distribution of effects also allows us to estimate the proportions of mutations with effects in different ranges. This is more informative than the analysis of Drake et al. (2006) that examined the minor allele frequency distribution of CNEs, and Katzman et al. (2007) that fitted a single selection coefficient to human uCNE polymorphism data. Estimates of the distribution shape parameter, the mean selective effect (expressed on a scale N e E(s), where N e is the effective population size) and the proportions of mutations with effects in three ranges (also expressed on a scale of N e E(s)) are shown in table 1. The shape of the distribution of deleterious mutational effects in uCNEs is markedly less leptokurtic than that for nonsynonymous mutations (P 5 0.056). However, the two-parameter gamma distribution fits the data substantially better than a one parameter equal mutational effects model (log-likelihood ratio 5 30.1). The mean of the distributions for uCNEs and nonsynonymous mutations are estimated with low precision, as we have previously seen in simulations of similar power to the present study . Subdividing mutational effects into three ranges reveals interesting differences between CNEs and nonsynonymous sites. There are far fewer nearly neutral CNE mutations (N e E(s) , 1) than nonsynonymous mutations (3.1% vs. 14%; P , 0.001), whereas strongly deleterious CNE mutations (N e E(s) .10) are significantly more common (87% vs. 74%; P , 0.001). The higher frequency of strongly deleterious mutations in CNEs is consistent with their higher selective constraint (C), estimated by comparing the corresponding mouse-rat nucleotide divergences to the divergences of their respective neutral reference sequences (table 1). The best fitting two-epoch demographic model to the CNE set-u data is a ;3-fold population expansion ;2N e generations in the past.
Estimating the Rate of Adaptive Substitution
We then compared estimates of the frequency of adaptive substitutions in CNE set-u and protein-coding genes. Although CNE set-u and set-b have similar nucleotide diversity and Tajima's D, set-u elements show substantially higher nucleotide divergence between M. m. castaneus and rat ( fig. 3) , reflecting the effect of ascertainment downwardly biasing divergence in set-b. We computed estimates of rates of adaptive substitution in CNE set-u and in protein-coding genes by contrasting nucleotide polymorphism and divergence to the rat (Eyre-Walker and Keightley 2009). Evolutionary distance between mouse and rat is sufficiently long so that estimates of rates of adaptive substitution are influenced to a negligible extent by withinspecies polymorphism (Keightley PD, Eyre-Walker A, unpublished results). We use the parameters of the distribution of effects of deleterious mutations, estimated from the M. m. castaneus polymorphism data, and the divergence at corresponding mouse-rat neutral reference sequences (as a proxy for the mutation rate) to compute the expected divergence at our focal sites (CNE set-u or nonsynonymous sites) in the absence of adaptive evolution. Any excess of substitutions in the observed nucleotide divergence of the focal sites is then attributed to adaptive substitutions. This method, which is related to the McDonald-Kreitman test for selection (McDonald and Kreitman 1991; Fay et al. 2001) , accounts for a contribution of slightly deleterious mutations to substitutions in the focal sites, and models effects of recent demographic change. Our estimate of the proportion of adaptive substitutions (a) in CNE set-u is 78% (95% confidence interval [CI] 5 54%-94%). This estimate is significantly different from an estimate of 44% (95% CI 5 14%-64%) for nonsynonymous sites (P 5 0.038) (table 1), although it should be noted that nonsynonymous sites are not a selected subset from the genome (i.e., they are not completely conserved between human and dog). Estimates of a in CNE set-u are similar if the divergence is calculated to a more closely related species (M. famulus; supplementary table 3, Supplementary Material online). The vast majority of substitutions in murine CNEs therefore appear to be driven We used the methods introduced by Kim and Stephan (2000) to investigate the effects of selective sweeps on diversity within CNEs and their flanks. Based on the parameters assumed (see Materials and Methods), we conclude that there is a very low rate of selective sweeps in uCNEs. Our predictions, based on a three-locus model, also suggest that we expect very little reduction in heterozygosity at sites completely linked to the selected site, relative to sites located 2 kb away, for a range of selection coefficients for advantageous mutations and plausible advantageous mutation rates ( fig. 4A ). Furthermore, only strongly positively selected mutations are expected to have a substantial effect on diversity, but these mutations are also expected to cause a reduction in diversity over a large region. We then used the model of Kim and Stephan (2000) to evaluate the effect of background selection within CNEs and their flanking sequences (see Materials and Methods). The results ( fig. 4B ) suggest that only mildly deleterious mutations (with effects on the order of N e s 5 1) cause an appreciable difference between expected diversity at a neutral locus adjacent to an uCNE relative to one located 2 kb away. Even if we conservatively assume that all deleterious mutations occurring in CNEs and their flanks have selection coefficients of N e s 5 1, we still only expect neutral diversity to be ;10% lower next to an uCNE compared with 2 kb away. However, our results suggest that the vast majority of deleterious mutations occurring in uCNEs (;80%) are strongly selected (N e s . 10), so we would expect that diversity at a neutral locus adjacent to an uCNE would only be reduced by a few percent relative to a neutral locus located 2 kb away. Consistent with these calculations, our empirical results show that the diversity in regions flanking uCNEs is similar to the diversity observed in intronic sequences. This observation also suggests that strongly selected advantageous mutations and background selection associated with CNEs do not cause a substantial reduction in average diversity at flanking sequences. Alternatively, it is possible that the effects of hitchhiking or background selection have a similar effect on diversity in both introns and in CNE flanking sites.
Discussion
Nucleotide diversity parameters in wild house mice for CNE set-u (compiled using a phylogenetically independent comparison) and set-b (which show no divergence between the published genome sequences of mouse and is shown as a function of the deleterious mutation rate affecting the uCNE and 2 kb flank either side (u) and N e t (where t is the selective effect of a deleterious mutation).
FIG. 3.
Estimates of mean nucleotide divergence between Mus musculus castaneus and rat (with 95% confidence intervals) compared among CNEs, CNE set-u flanks, synonymous and nonsynonymous sites, and introns. Note that synonymous site divergence is higher than divergence for introns. However, in murids, synonymous sites are more frequently within a hypermutable CpG dinucleotide than intronic sites, and divergence at nonCpGs is slightly lower for synonymous sites that for introns (Eöry et al. 2010 ). CIs were obtained by bootstrapping by locus 1,000 times.
rat) are essentially indistinguishable from one another. Both sets of elements have extremely low nucleotide diversity and strongly negative Tajima's D. However, in set-u, mean nucleotide divergence to either outgroup species (rat and M. famulus) is substantially higher than set-b, presumably reflecting the effect of ascertainment bias inherent in selecting set-b. For both sets of CNEs, Tajima's D and nucleotide diversity are much lower than estimates for nonsynonymous sites of a set of genes that we investigated previously , suggesting that purifying selection in CNEs is significantly stronger than in proteincoding genes, consistent with results in humans (Drake et al. 2006; Asthana et al. 2007; Katzman et al. 2007 ).
On the other hand, diversity and D are similar for CNE flanks and introns. The negative estimates of Tajima's D for all classes of sites, including synonymous and intronic sites, suggest a genome-wide effect of selection or an effect of demography, for example, recent population expansion. We used the frequency distribution of segregating polymorphisms to estimate parameters of the distribution of fitness effects of new mutations (DFE) and compared these estimates with corresponding estimates for nonsynonymous sites. This analysis suggests that the DFE for CNEs is somewhat less leptokurtic (L-shaped) than that for nonsynonymous sites. CNEs experience many fewer nearly neutral mutations and a higher frequency of strongly selected mutations than nonsynonymous sites. Our analysis also suggests that purifying selection in CNEs is much more effective than selection acting on murine noncoding elements enriched for regulatory elements close to proteincoding genes that are not selected on the basis of conservation (Kousathanas et al. 2011) . The presence of strongly deleterious mutations that contribute essentially nothing to diversity make it difficult to estimate the mean of the DFE with any precision, but estimates of the proportion of mutations with selective effects in different classes have reasonably narrow confidence limits. We then used the estimated parameters of the DFE to predict the nucleotide divergence between mouse and rat for CNEs in the absence of adaptive evolution, given the divergence in the flanks. This suggests that there are about five times as many substitutions as expected and implies that the fraction of adaptive substitutions, a, approaches 80%. This is significantly higher than an estimate for nonsynonymous sites that we obtained previously . These protein-coding loci are intended to be representative of protein-coding genes in general, and it is likely that those loci subject to the strongest negative selection, also experience very few neutral substitutions, and would therefore be expected to have very high estimates of a. Expressed as a fraction of the neutral substitution rate, x a , rates of adaptive evolution in CNEs and nonsynonymous sites are similar to one another. Our estimate of a for CNEs is also substantially higher than an estimate in Drosophila for noncoding regions (including untranslated regions) located close to genes (Andolfatto 2005) and greatly exceeds estimates for corresponding noncoding regions located close to genes in wild mice (mean estimate 5 6.7%; reference 6) and hominids (Torgerson et al. 2009 ). These differences presumably reflect differences between flies and mammals in the distribution and concentrationofgeneexpressioncontrolelementsinthegenome,the presence of a larger amount of neutrally evolving DNA in mammals, and the fact that we have focused on the most conserved sites in the mammaliangenome.Our study setsof CNEs represent the extreme of a distribution of conservation for a much larger class of CNEs, many of which are located deep in intergenic or intronic DNA (Dermitzakis et al. 2005) . In mammals, there is at least five times as much functionally constrained noncoding DNA as protein-coding DNA (Mouse Genome Sequencing Consortium 2002; Eöry et al. 2010; Meader et al. 2010) . Our finding that coding DNA and CNEs have similar rates of adaptive evolution (measured by x a ) therefore raises the possibility that noncoding DNA makes a substantially greater contribution to adaptive molecular evolution than coding DNA. However, determining the contribution to adaptive evolution of a wider set of less strongly CNEs will require more comprehensive polymorphism data. Our findings further support the hypothesis that the extreme conservation of CNEs is a consequence of purifying selection and are inconsistent with the hypothesis that conservation is a consequence of mutational cold-spots. There is now a large body of empirical evidence that CNEs are functionally important (Drake et al. 2006; Pennacchio et al. 2006; Katzman et al. 2007; McLean and Bejerano 2008; Visel et al. 2008) , particularly in development (Bejerano et al. 2004; Woolfe et al. 2005; Pennacchio et al. 2006) . Our finding that such elements are also ultra-adapted makes the lack of evidence for phenotypic effects of uCNE deletion (Ahituv et al. 2007 ) all the more surprising and difficult to explain.
